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Abstract 

The present study focused on in vitro release of polylactide-nanoencapsulated tyrphostin AG- 1295, a potential agent for 
local therapy of restenosis. The drug was formulated in matrix-type nanoparticles, termed nanospheres (NS) using the 
nanoprecipitation method. AG- 1295 is a model for low-molecular weight lipophilic compounds, the release behavior of 
which cannot be adequately characterized by existing methods. An in vitro release technique suitable for optimizing the 
nanoparticulate formulation release behavior was developed through a novel external sink method and an in situ release 
method utilizing the environmental sensitivity of the AG- 1295 fluorescence spectrum. Similar tendencies were demonstrated 
by both methods in drug release studied as a function of selected NS preparation variables. The release properties of the drug 
fractions varying in their binding mode to the carrier particles were studied by the external sink method. The NS 
surface-adsorbed drug exhibited a significantly higher release rate compared to the drug entrapped in the polymeric matrix. 
The in situ release of the encapsulated drug was analyzed using the diffusion models of release from a matrix- type sphere. 
The release was shown to be a composite process, with a burst phase attributed largely to the rapid dissociation of the 
surface-bound AG- 1295. The diffusion-controlled phase exhibited an alteration in kinetic pattern obviously due to the drug 
distribution between polymeric matrix compartments differing in their permeability. Drug in vitro release investigation may 
be effectively used to characterize the drug-carrier interaction and internal carrier structure in nanoparticulate formulations, 
as well as optimize the release behavior in respect to their therapeutic application. 
© 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 



Tyrphostin AG- 1295, a potent PDGF-receptor (3 
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blocker, has been shown to have a significant 
therapeutic effect in rat and pig injury models of 
restenosis [1,2]. The drug was encapsulated in 
polylactide-based nanospheres (NS) using a modified 
nanoprecipitation method, and the nanoparticulate 
formulation was subsequently characterized in vitro 
[3] and in vivo [4]. The local drug residence profile 
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in the rat arteries correlated well with the antires- 
tenotic effect of the formulation. The in vivo effica- 
cy, as well as drug disposition and elimination 
kinetics, are affected significantly by formulation 
properties, such as NS size and drug release kinetics 
[4]. While 90-nm NS showed a higher tissue uptake 
compared to 160-nm NS, the delivery of the former 
also resulted in a faster drug elimination rate from 
the injury site. This suggests that an optimized drug 
carrier should ideally combine the better ingress 
properties achieved by a smaller size with a slower 
drug release rate from the NS. The tools provided by 
the nanoprecipitation method for optimizing the 
formulation in respect to these characteristics are 
discussed elsewhere [3]. While a comparative study 
of the formulation variables affecting the NS size is a 
relatively simple task due to a number of well- 
established and reliable methods [5], no clear agree- 
ment exists on the suitability of the techniques 
reported to date for drug release determination from 
colloidal particles in the nanometer size range. The 
in vivo examination of drug released directly in the 
target tissue, though usually difficult to conduct, is 
considered to be of ultimate value in most cases. The 
difficulty of performing in vivo release studies, as 
well as the technical limitations of the in vitro 
methods developed so far, are the main reason for 
the continuous development of new in vitro drug 
release techniques and modifications of the known 
methods [6-10]. 

In practice, it is difficult to extract valuable 
information from the release data if the studied 
formulation is not diluted sufficiently (non-sink 
conditions) [11]. Sink conditions are reasonably 
satisfied when the drug concentration in the release 
medium is kept below 10% of the drug solubility, 
while the lower applicable limit of the drug con- 
centration is stated by the sensitivity of the analytical 
method used for determination of the drug. Sink 
condition is hard to achieve using an aqueous 
medium with poorly water-soluble drugs, therefore it 
is difficult to provide a satisfactory design for their 
release studies. In such case, utilization of a sink 
medium which is a good solvent to the studied drug 
and an absolute non-solvent to the particle-forming 
polymer, may alternatively be considered. 

In most techniques the discrimination of the 
released and carrier-bound drug is accomplished by a 



physical separation of the colloidal drug carrier from 
the release medium. The results obtained using these 
methods reflect complex kinetics of several simulta- 
neous processes, and therefore their interpretation 
may be highly misleading [10,12]. In a limited 
number of studies an experimental design avoiding 
the physical separation and associated distortions in 
the observed release profile was applied [7,13-15]. 
This was possible due to the unique properties of the 
nanoencapsulated compounds utilized for spectro- 
scopic discrimination of the free and bound sub- 
stance [16]. Yet the spectral properties essential for 
successful application of such a technique, termed in 
situ release method, are rarely exhibited by medici- 
nal substances, limiting its application mainly to 
specially designed model compounds. 

In this study the release properties of biodegra- 
dable polymeric NS loaded with the antirestenotic 
agent, tyrphostin AG- 1295 [1,3,4,17], have been 
examined by two methods: an in situ release method 
based on environment- sensitive fluorescence of AG- 
1295, and an external sink method utilizing heptane 
as a release medium to address the strongly lipo- 
philic nature of the active compound. The release 
kinetics determined using both methods in selected 
NS formulations are presented in comparison. The 
specific advantages of each method have further been 
exploited to examine the release properties of the 
drug encapsulated versus adsorbed to the NS surface, 
and a possible mechanism of the drug release is 
proposed. 

2. Materials and methods 

2.1. Materials 

Poly(D,L-lactide), M w 90 000-120 000 g/mol and 
Pluronic F-68 (Poloxamer 188 NF) were purchased 
from Sigma (St. Louis, MO, USA). AG-1295 (6,7- 
dimethyl-2-phenylquinoxaline) was purchased from 
Oz Chemicals (Jerusalem, Israel). All organic sol- 
vents were of analytical and HPLC grade. 

2.2. NS formulation 

The nanospheres were prepared using a modified 
nanoprecipitation method as described elsewhere [3]. 
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A reference formulation was prepared as follows: 
200 mg of PLA and 3.0 mg AG- 1295 were dissolved 
in an organic mixture consisting of 19.5 ml acetone 
and 0.5 ml dichloromethane. This organic solution 
was poured under moderate stirring on a magnetic 
plate into an aqueous phase prepared by dissolving 
50 mg Pluronic F-68 in 40 ml bidistilled water. The 
organic solvents were evaporated under atmospheric 
pressure at room temperature. The volume of the 
resulting dispersion was adjusted to 10 ml under 12 
mm Hg at 35 °C using rotary evaporation (Rotavapor 
R-124, Biichi, Switzerland). The aggregates were 
removed by filtration through 0.45 -|xm hydrophilic 
syringe filter (Sartorius, Germany). The following 
variables were chosen for examining the effect of 
preparation protocol modifications: (a) polymer 
formulation amount (PLA: 100, 200, 300 mg), (b) 
polymer non-solvent formulation amount (ethanol: 0, 
1, 2 ml), (c) organic solvent elimination rate (atmos- 
pheric pressure at room temperature, pressure re- 
duced gradually from 180 to 40 mmHg at 35 °C, 
pressure reduced instantaneously to 40 mmHg at 
35 °C). 

2.3. NS size and morphology 

NS morphology was observed by means of trans- 
mission electron microscopy (CM 12, Philips, Hol- 
land). NS size was determined by photon correlation 
spectroscopy (Sub-micronial particle analyzer, Coul- 
ter Electronics, USA) in NS suspension diluted with 
bidistilled water at 25 °C. 

2.4. NS drug content 

An aliquot of NS aqueous suspension was evapo- 
rated to dryness by rotoevaporation under reduced 
pressure at 35 °C. The residue was dissolved in 
dichloromethane, and the drug was quantified spec- 
trophotometrically at 265 nm. 

2.5. Drug release comparative study 

The in situ drug release was performed once for 
each formulation; the external sink release experi- 
ments were performed in duplicate. The error bars 
represent the standard deviation of the release dupli- 
cates at each time-point. 
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2.5.1. External sink release method 

Two 0.5-ml aliquots of freshly prepared NS 
suspension were placed in test tubes, mixed with 
accurately weighed 3.0 ml amount of heptane 
(Sigma, St. Louis, MO, USA) and placed on a 
Labquake shaker (Labindustries, CA USA) at 25 °C. 
The upper organic layer was withdrawn completely 
and replaced with fresh heptane at given time-points. 
The amount of released drug was determined spec- 
trophotometrically at 262 nm. 

2.5.2. In situ release method 

Pluronic F-68 was dissolved in bidistilled water at 
room temperature to yield 6% aqueous solution 
(acceptor phase). A 50-jxl aliquot of freshly prepared 
NS suspension was mixed with 50 ml of the acceptor 
phase and placed on stirring on a magnetic plate at 
25 °C. The emission spectrum of the samples with- 
drawn at predetermined time intervals was measured 
using speetrofluorimeter (Jasco, Japan) without prior 
separation of the NS from the release medium 
(A exc = 350 nm). 

Calibration was performed by plotting the fluores- 
cence intensity at 400 nm (AG- 1295 emission maxi- 
mum) against drug concentration for (a) AG- 1295 
solutions in acceptor phase incubated for 24 h with 
blank NS, (b) NS prepared with increasing formula- 
tion amounts of AG- 1295, diluted 1:1000 with 
acceptor phase. The spectrum obtained from blank 
NS was used to correct for non-specific signal. 

The amount of AG- 1295 released from the NS 
was calculated using the following equation: 

<$ = (C F )A + (C B )A (i) 

where 0 t is the total AG- 1295 -related fluorescence 
measured at time t; and 4^ are the specific 
fluorescence coefficients derived from the calibration 
plot for the free and bound drug, respectively; (C F ) t 
and (C B ) t are concentrations of the free and bound 
drug at time t, respectively. (C F ) t and (C B ) t are 
related by the mass balance equation: 

C = (C F ), + (C B ), (2) 

where C is the total drug concentration calculated 
from NS drug content determined spectrophotomet- 
rically as described above. 
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2.6. Surface adsorbed drug release simulation 

A reference formulation was prepared and its drug 
content was determined as described above. Six 
portions 1.0 ml each were sealed in dialysis mem- 
brane bags with a cut-off of 14 000 kDa (Sigma). 
The bags were placed in a beaker and the NS were 
continuously washed with water that was replaced at 
a rate of 2 1/h using a water circulation system. The 
drug content change in the washed NS was moni- 
tored for 4 h to establish the end of the fast phase of 
drug removal attributed to loosely bound AG- 1295. 
The amount of drug washed from the NS was 
obtained from the difference in the drug content 
before and after the washing procedure. The external 
sink method was used to determine drug release 
behavior of the washed and unwashed NS. The 
release behavior of the surface-adsorbed drug frac- 
tion in the reference formulation was determined as 
follows: 

^f,ads _ (^,unwashed NS ~ ^/,washed Ns) 

where M t ads is the amount of drug desorbed from NS 
surface at time t; ads is the total amount of 
surface adsorbed drug; M f „„„.. MQ and M,„ , , M „ 

o> t, unwashed Ns t, washed Nb 

are absolute amounts of drug released at time t from 
the unwashed and washed NS, respectively; d is the 
difference in the drug content between the unwashed 
and washed NS. 

The deconvoluted release pattern of the washable 
drug fraction was confirmed by comparison with 
actual release rate of AG- 1295 adsorbed to the 
surface of blank NS. 

2. 7. The effect of NS size on drug adsorption and 
release behavior 

The effect of surface area on the amount of drug 
adsorbed was studied using NS of different size. 
Two formulations of blank NS were prepared with 
and without PLA non-solvent (ethanol) in organic 
phase to produce smaller and larger sized NS, 
respectively [3]. The obtained NS were filtered using 
0.45-jmm filter as described above to remove aggre- 
gates. Aliquots of the blank NS suspensions were 
evaporated to dryness for polymer amount determi- 



nation. Nine ml of each formulation were stirred for 
5.5 h with 10 mg of powdered AG-1295 (63-juum 
aperture sieve). The NS were separated from the free 
drug by filtration and the drug content was de- 
termined. The release behavior of the surface-ad- 
sorbed drug was examined by the external sink 
method. The distortion of the results due to the 
possible drug solubilizing by the surfactant and /or 
the residual solvents was assessed in control experi- 
ments where AG-1295 was added to a solution 
obtained at the end of the blank NS preparation 
procedure without polymer. 

2.8. AG-1295 solubility in polymer 

AG-1295 solubility in the polymer was determined 
from drug partitioning between PLA and PLA non- 
solvent liquid phase. Three mg of accurately 
weighed AG-1295 were dissolved with PLA (450 or 
600 mg) in acetone to yield 3 ml solution. A 1-ml 
aliquot of the solution was further diluted 1:10 with 
ethanol (PLA non-solvent) to precipitate the poly- 
mer. The liquid phase was clarified using a LO-juim 
glass-fiber prefilter (Millipore, Bedford, MA, USA). 
A solution obtained similarly by dilution with ace- 
tone was used as a reference to calculate the drug 
concentration in the polymer. The drug amount in 
the filtrates was determined spectrophotometrically 
after evaporation to dryness and dissolving the 
residue in dichloromethane as described above for 
NS drug content determination. 

The acetone extraction from the PLA precipitate 
upon dilution with ethanol was confirmed by a 
control experiment performed as described above 
with no drug added. The acetone concentration in the 
liquid phase clarified with 1.0-|Jim glass-fiber prefil- 
ter was determined spectrophotometrically at 272 
nm. 



2.9. Kinetic model of drug release 

The NS were prepared as described above, and 
drug release in situ was performed in duplicate. Hie 
obtained data was analyzed for best fit approximation 
by model equations using Solver algorithm of Mi- 
crosoft Excel 98 software. 
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Fig. 1. Transmission electron microscopy images of AG-1295-loaded nanospheres (average size 115 nm, loading 1.5%, w/w) at different 
time-points of drug release in heptane (external sink method): prior to release (A); 4 h (B); 20 h (C). The released drug fraction was 50 and 
95% after 4 and 20 h, respectively. The bar represents 100 nm. 



3, Results 

The AG- 1295 -loaded NS were spherical in shape 
(Fig. 1). NS samples examined following 4 and 20 h 
of drug release in heptane (external sink method) 
showed no morphological changes compared to the 
NS observed prior to the release experiment (Fig. 
1A-C). 

The in situ release method applied in this study is 
based on the difference in fluorescence intensity 
between encapsulated and free AG- 1295. The ratio 
of the specific fluorescence intensities between free 
and NS -bound drug derived from the slopes of the 
respective calibration plots (Fig. 2) was 4.2-4.5. A 
small reduction in emission intensity of the free 
AG- 1295 occurred after incubation for 24 h with 
blank NS apparently due to partial association of the 
drug with the NS. However, no further changes in 
the fluorescence pattern were evident after an addi- 
tional 48 h of incubation (data not shown) indicating 
steady state. 

The release rate determined by external sink and 
in situ release methods was considerably reduced by 
higher PLA formulation content (Fig. 3A,B), while 
the incorporation of PLA non-solvent and the more 
intense organic solvents' evaporation were associated 
with more rapid drug release (Fig. 3C-F). In gener- 
al, the drug release kinetics determined using both 
release techniques was similarly affected by the 
examined formulation variables. However none of 
the formulations completed the release in situ, while 
24-48 h were sufficient to achieve 100% release 



using the external sink method (data not shown). The 
initial drug release rate determined in situ was 
considerably higher than that obtained by the exter- 
nal sink method. 

The latter method was utilized to characterize the 
release behavior of NS surface adsorbed drug. The 
steady state of drug adsorption on smaller and larger 
sized blank NS utilized in this experiment (70 ±21 
and 161 ±19 nm, respectively) was reached after 5.5 
h of incubation with powdered AG-1295 (Fig. 4A). 
The steady state ratio of the drug amount associated 
with smaller and larger NS, calculated per mg dry 
weight, was 2.02. AG-1295 was consistently unde- 
tectable in the control solution. The release behavior 
of the drug adsorbed by NS of both sizes was similar 
(Fig. 4B). 

The actual release of the surface adsorbed AG- 
1295 was further compared to a deconvoluted release 
behavior of the washable drug fraction in the refer- 
ence formulation. The release of the loosely bound 
drug, which accounted for 8.5% of the total drug 
loading, showed fair correlation with the adsorbed 
drug release profiles (Fig. 4B), but was considerably 
different from that of the encapsulated drug (Fig. 
4C). The estimated release t 50% was 0.7 h and 4.5 h 
and the amount released within 7 h was 100 and 63% 
for the loosely bound and encapsulated drug, respec- 
tively. 

The drug solubility in the polymer was determined 
from its partitioning between the solid PLA and 
organic liquid phases assuming distribution propor- 
tional to the ratio of the drug solubilities in the 
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Fig. 2. In situ drug release calibration plot (medium consisting of Pluronic F-68 6% aqueous solution: emission intensity of AG- 1295 
(A exc = 350 nm, A em =400 nm) as a function of drug amount (encapsulated versus free). The fluorescence intensity of free drug in the 
presence of blank nanospheres remained practically unchanged after incubation for 24-72 h. The encapsulated to free drug signal ratio was 
measured on several occasions and equaled 0.208-0.232. 



respective phases. In the two experiments 12.2 and 
14.3% of the total amount of AG- 1295 (1.0 mg) 
associated with 150 mg and 200 mg of the precipi- 
tated polylactide, respectively, corresponding to 
0.76 ±0.05 |xg AG- 1295 per mg PLA. It was verified 
in a separate experiment that the acetone used to 
dissolve the polymer and the drug was completely 
extracted by ethanol. The AG- 1295 solubility in 
PLA, calculated using the obtained partition ratio 
and previously determined drug solubility in 8.7% 
solution of acetone in ethanol (8.86 mg/ml), was 
75.0±4.9 mg/g. 

Fig. 5 shows the experimental data of in situ 
release from (170 ±20) nm NS fitted by the early- 
time approximation (4) and late-time approximation 
(5) of a diffusion-based drug release model from a 
spherical monolithic carrier [18,19]: 



Ml 
Ml 



( Dt y 2 

>( — j 
\r 77"/ 



1 - — exp 

7T 



3Dt 



7T 2 Dt 



(4) 
(5) 



where M t is the amount of the drug which diffuses 
out of the sphere in time t, is the total amount of 
the drug, D is the diffusion coefficient, r is the radius 
of the sphere. 

The early- and late-time approximation were 
applied to the drug release within 0-10 h (released 
drug fraction <60%), and 6.5—72 h (released drug 
fraction >50%), respectively. The corresponding 
diffusion coefficients were (4.14±1.09)X10 iD and 
(1.95±0.45)X10~ 16 cm 2 /s, respectively. 

The release data were also analyzed by the semi- 
empirical model of diffusional release by Ritger and 
Peppas [20,21]: 



(6) 



where k is a correlation constant and n is the 
diffusional exponent. The diffusional exponent was 
obtained from the best fitting curve provided by the 
model and from the slope of log (MJM^) plotted 
against log t (Fig. 6), as suggested by Sinclair and 
Peppas [22], and equaled 0.46 ±0.03. 
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Fig. 3. The release profile of AG- 1295 from nanospheres as function of formulation variables obtained by the external sink (left column) 
and in situ (right column) methods, respectively: PLA amount (A, B); ethanol amount in organic phase (C, D); organic solvents evaporation 
rate (E, F). 
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Fig. 4. The kinetics of AG- 1295 adsorption on blank nanospheres (A) and the release profile of surface adsorbed drug. The amount of drug 
adsorbed on 160- and 70-nm blank nanospheres was 19 and 45.6 |xg/ml corresponding to 1.13 and 2.29 |xg per mg PLA, respectively. The 
release of AG- 1295 adsorbed on the surface of 160- and 70-nm sized blank nanospheres (B) is presented in comparison with the release 
profile of the loosely bound drug fraction in the reference formulation. The latter was obtained by comparing the release profiles of 
AG-1295-loaded nanospheres (140 nm) before and after washing with water (C) (see text for details). The drug release from the nanospheres 
with and without washing is presented as percent of the drug amount in the original formulation (215 |xg/ml). 



4. Discussion 

Depending on their design, in vitro release studies 
may be used for several purposes: simulation of the 
drug release behavior in vivo, optimization of the 
release properties based on comparison between 
formulations, and investigation of the drug release 
mechanism which often provides important infor- 
mation about the internal structure of the carrier and 
the drug-carrier physicochemical relationship. An 
appropriately designed in vitro release study is often 



difficult to conduct because of a number of technical 
problems associated with it [23]. Sink conditions are 
rarely achievable for a lipophilic drug during the 
whole course of a release experiment, since the 
sensitivity of the analytical assay usually does not 
allow for sufficient carrier dilution in commonly 
used aqueous acceptor media. Another problem 
inherent to all release methods where the free drug is 
not determined in situ, is possible masking of the 
actual release profile due to the physical separation 
of the carrier and released drug [10,12]. Because of 
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Fig. 5. The in situ release data of AG-1295-loaded nanospheres (170 nm) fitted by the early- and late-time approximation (insert) of the ab 
initio diffusional release model of Guy et al. [18] (see Eqs. (4) and (5) in the text). The drug release profile exhibited a considerable change 
in its pattern during the late-time phase (10-72 h) as manifested by a lower released drug fraction values in comparison to the values 
predicted by the simulation assuming no change in the diffusion coefficient (82 vs. 100% fractional release after 72 h, respectively). 



these interferences the examination of the early-time 
drug release is often inaccurate, while in extreme 
cases the data obtained during the whole course of an 
experiment may be of little relevance [10]. A number 
of improvements in release methods addressing the 
results' error associated with the separation have 
been successively reported [8,9,24], none of which, 
however, was capable of providing a satisfactory 
solution for the early-time release distortion. Indeed 
the suitability of a method has to be critically 
evaluated for each particular application. 

With these limitations in mind, we focused on the 
development and evaluation of a suitable in vitro 
release technique for PLA nanoencapsulated AG- 
1295, a highly lipophilic low-molecular weight 
tyrphostin compound intended for local therapy of 
restenosis [1,2,25]. In the in situ release method 
developed for the purposes of this study the NS are 
diluted directly into the sink medium. The released 
drug was assayed in the sink utilizing environmental- 
ly sensitive fluorescence of AG- 1295. The release 
profile produced by this technique is therefore not 



affected by the NS separation from the assayed 
medium [7]. Sink conditions during the whole course 
of the release experiment were achieved by diluting 
the studied NS sample 1:1000 with 6% aqueous 
solution of Pluronic F-68. To our knowledge in situ 
release studies of medicinal substances have not been 
reported with one exception, where a method similar 
to the one presented here had been applied for 
poly(butyl-2-cyanoacrylate) nanoparticles of ad- 
riamycin [13]. 

The external sink method presented in this study 
employs continuous extraction of the released AG- 
1295 by heptane forming a liquid phase immiscible 
with the aqueous suspension of the carrier NS. Sink 
conditions are maintained during the experiment due 
to the good drug solubility in heptane (3 g/1). 
Heptane was chosen as an acceptor phase since it is a 
non-solvent to PLA and has no effect on NS 
morphology. It is also chemically inert thereby 
providing excellent stability of the drug solutions, 
almost odorless, considered to be a solvent with low 
toxic potential, and has limited volatility at room 
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Fig. 6. The in situ release data of AG- 129 5- loaded nanospheres (170 nm) fitted by the diffusional release model by Ritger and Peppas 
[20,21] MJM^ = kt n . A straight line is predicted for diffusion-controlled release presented as log(fractional release) versus log(time). The 
diffusional exponent derived from the graph slope (n = 0.46 ±0.03) is in agreement with a Fickian diffusion controlled release from a 
homogeneous population of matrix- type spheres. 



temperature. The physical separation of the NS and 
the released drug partitioning into heptane considera- 
bly simplifies the task of developing a complemen- 
tary drug assay, thus making this technique applic- 
able with appropriate modifications to many water- 
insoluble agents. The results provided by the external 
sink method are, however, subject to distortion since 
they are affected by the rate of drug transition 
through the interface boundary, similarly to the 
standard release methods where the free drug is 
sampled from a medium separated from the drug 
carrier suspension. Although this evidently limits the 
method's use to comparative release studies, the 
simplicity and specific advantages of this technique 
make it a useful tool of investigation. 

The two release techniques provided release pro- 
files that differed in their pattern. A more pro- 
nounced initial and a flattened sustained phase 
distinguished the in situ release. 'Smoothed' release 



behavior typically observed with the external sink 
method was probably due to the initial release 
hindered by the phase separation. On the other hand, 
the higher capacity of the external sink medium 
appears to be the reason for the faster total release 
time-scale compared to the in situ release kinetics. 
Despite these differences, both methods revealed 
similar tendencies in drug release as a function of the 
NS formulation variables. The detailed discussion of 
the corresponding effects observed using the external 
sink method may be found elsewhere [3]. The 
external sink method was shown to be sufficiently 
sensitive for a qualitative characterization of the 
factors affecting the release behavior of the formula- 
tion, thus meeting the essential requirement applying 
to a comparative method. 

The low acceptor capacity of water, a poor release 
medium for AG- 1295, was purposely utilized for 
separation of the drug fractions differing in their 
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binding mode to the carrier NS. The deconvoluted 
external sink release profile of the loosely bound 
drug fraction was markedly different from the release 
pattern of encapsulated drug. Given their contrasting 
release behavior, the loosely bound drug appears to 
be a minor constituent of the total NS -associated 
AG- 1295 in all studied formulations as implied by 
their release profiles. We hypothesized that the 
washable drug fraction, demonstrating higher release 
rate, is formed by the drug molecules adsorbed on 
the NS surface, while the slower kinetic component 
of the drug release should be attributed to AG- 1295 
entrapped in the PLA matrix. This hypothesis is 
supported by the strong similarity of the deconvo- 
luted release profile with that of the drug adsorbed 
on blank NS. The adsorption of AG- 1295 on PLA 
nanospheres was shown to be NS size-dependent: the 
steady state amounts of the surface-associated drug 
were 1.1 and 2.3 juig per mg PLA for 160 and 70 nm 
NS, respectively. The obtained inverse dependence 
of the adsorbed drug amount on the NS size might be 
predicted assuming spherical shape and same effec- 
tive matrix density in the particles of both types. 
With these assumptions the total surface area of the 
NS available for the drug adsorption is directly 
proportional to the particle-forming polymer weight 
and inversely proportional to the nanosphere diam- 
eter. Interestingly, the adsorption rate was also 
shown to be dependent on the NS size (Fig. 4A). 
However, AG- 1295 associated with the larger and 
smaller sized NS exhibited a similar release be- 
havior, hence appearing to be mainly a function of 
the drug-NS binding mode. These results strongly 
suggest that the main part of AG- 1295 in the 
nanoparticulate formulations is entrapped in the 
polymeric matrix, while surface-associated drug 
forms a variable, small fraction. The transition rate 
of AG- 1295 between these pools is sufficiently slow 
to allow for their separation based on the different 
release rates of the drug in the respective states. 

Previous studies demonstrated marked stability in 
vitro of NS composed of poly(D,L-lactide) with a 
molecular weight of 100 kDa [26,27]. Provided the 
short time period of AG- 1295 in situ release ob- 
served in our study, polymeric matrix degradation 
obviously does not contribute significantly to the 
drug release. Alternatively, given the strong lipo- 



philicity of the drug, the release of the encapsulated 
AG- 1295 might be governed either by diffusion 
through the polymer matrix or by dissolution of the 
drug crystals depending on the drug state in the 
polymer. The drug solubility in PLA (75.0±4.9 mg/ 
g) significantly exceeds the drug loading in the NS 
(1.5% W/W), indicating that the encapsulated AG- 
1295 apparently exists in the polymer as a solid 
solution or a homogeneous molecular dispersion; 
therefore its release is expected to occur predomi- 
nantly by diffusion through the polymeric matrix. 

While t 1/2 time dependence (n = 0.5) is expected 
for the release by Fickian diffusion from a matrix- 
type sphere at early times, the first 60% of the 
fractional release are effectively described by a 
diffusional exponent of n = 0.43 [20]. A diffusional 
exponent between 0.43 and 0.85 is encountered in 
release processes involving anomalous non-Fickian 
transport [20,21]. The n value of 0.46 ±0.3 observed 
in our case indicates that the release of AG- 1295 is 
governed by Fickian diffusion. The results provided 
by this model should however be treated with 
caution, since the diffusional exponent was shown to 
be markedly biased by polydispersity of the sample 
[20,21]. Sinclair [22] and Peppas [28] also demon- 
strated that n is strongly influenced by the precision 
of the release data, often suggesting erroneous 
conclusions about the release mechanism despite 
'satisfactory' data fitting by the model. 

In contrast to the semi-empirical model, the ab 
initio diffusional model by Guy et al. [18] considers 
the basic formulation properties controlling the re- 
lease kinetics. Assuming Fickian-type drug release, it 
provides an estimation of the drug diffusion coeffi- 
cient indicative of the drug-polymer interaction. 
Polakovic et al. [29] implemented a similar model to 
analyze release of lidocaine from D,L-PLA-based NS. 
In accord with our results, the authors demonstrated 
a comparatively low diffusion coefficient of the drug, 
in the order of 10" 16 cm 2 /s, reflecting the strong 
hindrance effect of the polymer. It is noteworthy that 
our results show an alteration of the diffusion 
coefficient in the course of the drug release: the 
calculated diffusion coefficient equaled 4X10 -16 
and 2X10 16 cm 2 /s for the early- and late-time 
release phase, respectively. Likewise, all nanopar- 
ticulate formulations in our study exhibited similar 
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change in their release kinetics. The discontinuous 
release pattern resulting in significant drug fraction 
retaining in the particulate carrier was reported 
previously for paclitaxel-loaded microspheres [30] 
and lidocaine-loaded nanospheres [31]. It is most 
likely that this phenomenon is associated with the 
different physical states of the polymer forming the 
outer layers and the core of the sphere. The forma- 
tion of the nanosphere by the nanoprecipitation 
method presumably involves two distinct processes. 
During the first rapid phase the polymer migrating 
with the water-miscible solvent precipitates upon 
contact with water, thus forming the shell of a 
nanocapsule. In contrast, the slow phase of the 
nanosphere core formation is due to elimination of 
the retained organic solvent [32]. The final nanos- 
phere, therefore, is composed of the outer polymer 
layers produced by the rapid precipitation, and the 
matrix core formed by the slow polymer desolvation. 
The contrasting diffusion rates of the drug entrapped 
in these two compartments, obviously differing in 
their molecular organization, results in the observed 
alteration of the formulation release behavior [33]. 
These findings, together with the results of the 
adsorbed drug study utilizing the external sink 
method, suggest that the release of tyrphostin AG- 
1295 from the PL A nanospheres represents a com- 
plex process. The burst phase, playing a minor role 
in the overall drug release from larger sized NS, but 
increasingly pronounced with a reduction in the NS 
size [3], is dominated by the rapid dissociation of the 
loosely surface-bound drug. The two subsequent 
phases of the drug release are governed by the 
diffusion of AG- 1295 from the nanosphere matrix 
compartments showing different permeability charac- 
teristics in respect to the drug. 

The biphasic in vivo elimination pattern of NS- 
associated AG- 1295 observed in our previous study 
[4] was best described as a sum of two first-order 
kinetic processes. The slower component attributed 
to the NS strongly bound to the arterial tissue 
parallels the release kinetics of the drug provided fast 
in vivo degradation of unprotected AG-1295. As- 
suming the dominant role of diffusion in the drug 
release in vivo, an integral diffusion coefficient may 
be used to describe the release process. Despite the 
limited number of data points characterizing the 



release component of the elimination curve, the 
magnitude of the effective diffusion coefficient could 
be estimated. The calculated D value, in the order of 
10 17 cm 2 /s, reflects slower in vivo release kinetics 
of AG-1295 compared to our in vitro results. The 
dissociation of the drug, obstructed by an unstirred 
drug-saturated layer formed in proximity of the NS 
immobilized in the extracellular matrix, provides a 
plausible explanation for the lower D value observed 
in vivo. 



5. Conclusions 

In the present study we characterized the drug 
release properties of AG-1295-loaded PLA nanos- 
pheres prepared by nanoprecipitation. The two meth- 
ods utilized for this purpose addressed the strong 
lipophilicity of the encapsulated compound and the 
release profile distortions inherent in conventionally 
used techniques. The methods were applied for a 
comparative study of drug release in nanoparticulate 
formulations, as well as for investigation of the 
release mechanism and drug-nanosphere interaction. 
The in vitro and in vivo drug release from the 
nanospheres apparently represents a complex process 
governed predominantly by diffusion. 
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